In this study, the influence of low temperature heat treatment on iron loss behaviors has been investigated in 6.5 wt% grain-oriented silicon steels fabricated by a SiO2 textile method. Heat-treatment under hydrogen atmosphere was carried out for 1 hr in the temperature range of 500 to 800°C. As a result, the minimum iron loss was obtained in a sample annealed at 600°C. Transmission electron microscopy analysis showed that B2 and D03 antiphase domains existed in all heat-treated samples but D03 size was maximized after 600°C heat-treatment. In addition, magnetic domains cut through these antiphase boundaries. Therefore, the low iron loss of the sample annealed at 600°C should be ascribed to the reduction in the area of the antiphase boundaries which acted as pinning centers in the magnetic domain walls.
Introduction
Grain-oriented silicon steel has been widely used in electrical appliances and devices, such as transformers and motor cores, because of its excellent soft magnetic properties and cheap price. In recent years, the silicon steel is, however, strongly forced to reduce the iron loss further because the operation frequency of the transformers and electric motors are continuously increased higher than 400 Hz for higher response rate, efficiency and miniaturization. Thus the hysteresis and eddy current losses of the silicon steel should be decreased further. [1] [2] [3] Among numerous factors [4] [5] [6] [7] influencing the iron loss of silicon steel, the increase of silicon contents is recognized as the most effective way to improve the efficiency of high frequency transformers and motors by the reduction in eddy current loss. For example, the specific resistivity of the silicon steel increases from 48 to 82 μΩ-cm when the silicon contents change from 3 to 6.5 wt%. 3, 8, 9) In the vicinity of 6.5 wt% silicon steel, the magnetostriction value is also reduced to almost zero, which can result in the sharp reduction of hysteresis loss.
9) It is, however, not easy to manufacture high silicon steel sheets by a conventional rolling technique because the workability is drastically reduced when the silicon content is over 4 wt%. The workability is strongly influenced by the formation of two different ordered phases, B2 (FeSi) and D03 (Fe3Si), which are known to alter the magnetic properties of the steel. 8, 10, 11) Thus most researches for 6.5 wt% silicon steel have been conducted by a rapid solidification process 8) and a SiCl4-based CVD siliconizing method. 12) The relationship between the ordered phases and the iron loss properties in the silicon content range of 3 to 6.5 wt% discovered that the magnetic domain was cut by anti-phase boundaries in the ordered phases, as well as, found that the 6.5 wt% silicon contents in the silicon steel had the best iron loss property. 13) However, detailed studies on the reduction of iron loss in 6.5 wt% silicon steel are not sufficient, although the material has outstanding properties.
In this study, to obtain extremely low loss property, low temperature heat treatment was applied to fabricate 6.5 wt% grain-oriented silicon steels. And the relationship between iron loss behaviors and microstructures has been investigated.
Experimental Procedures
To fabricate 6.5 wt% silicon steel, each thin-gauged 3.0 wt% grain-oriented silicon steel strip with 150 μm thickness was inserted between SiO2 textiles and then heat-treated at 1 200°C under high purified hydrogen atmosphere in a quartz tube. Silicon contents were controlled through the diffusion of silicon generated from SiO2 decomposition. More detailed procedures about silicon diffusion using SiO2 textile were reported in our previous paper. 12) Low temperature heat treatment procedures are shown in Fig. 1 . The fabricated 6.5 wt% silicon steels were first annealed at 900°C for 1 hr, cooled down to 500, 600, 700, and 800°C with 400°C/hr cooling rate, and then held for 1 hr at the respective temperature and finally air-cooled to room temperature.
The magnetic iron loss of silicon steels can be separated into three components: hysteresis loss, eddy current loss and anomalous loss. In this experiment, DC hysteresis loops were measured at an excitation induction of 1.0 T and the hysteresis loss, Ph, was calculated by multiplying the DC © 2012 ISIJ hysteresis loss in the excitation frequency. A classical eddy current loss, Pe, was calculated using the Benford equation. 14) Anomalous loss, Pa, associated with domain wall motion was calculated by subtracting the hysteresis loss and the classical eddy current loss from the total iron loss. All of the measurement of the iron and hysteresis losses were used in MPG 100D and single sheet testers made by BROCKHAUS Ltd., Germany. The specimen was measured in a state of parallel between rolling and magnetization direction. The microstructures of the strips were analyzed using transmission electron microscopy (TEM, Jeol, JEM 2010 and 3010). Two-beam dark field images of (111) and (001) reflections were also observed to investigate the antiphase boundary morphologies of B2 and D03 phases, respectively. And an interaction between antiphase boundaries and magnetic domain walls were investigated by Lorentz mode TEM.
Results and Discussions
In order to identify the phases, [011] selected area diffraction (SAD) patterns of 6.5 wt% silicon steels with different annealing procedures were observed and are presented in Fig. 2 . As shown in Fig. 2 , the ordered spots of B2 and D03 are clearly observed in the SAD patterns. These spots indicate that B2 and D03 ordered phases were formed in all of 6.5 wt% silicon steel samples despite different annealing conditions. Figure 3 shows the relative peak intensity changes of ordered phases using a digital microscope simulation. The relative peak intensity ratio was calculated by that (100) peak (B2+D03 phases) and (311) peak (D03 phase) intensities were divided separately by (211) peak intensity (A2+B2+D03 phases). The (100) intensity ratio of an assiliconized sample measured 0.74, and drastically increased to 0.95 at 500°C, reached a peak at 700°C, and then steeply decreased to 0.48 at 800°C. The changes of the (311) intensity ratio were similar to those of the (100) intensity ratio; the ratio drastically increased at 500°C, reached a peak at 600°C and then sharply decreased to almost zero (0.06) at 800°C. These intensity changes indicate that B2 and D03 phases were strongly grown in the temperature range of 500 to 700°C because the peak intensities of the ordered phases 15)
The two-beam images of B2 and D03 ordered phases are shown in Figs. 4 and 5. As shown in the figures, the ordered phases resulted in the formation of anti-phase domains (APDs) in all the samples. The two beam images show that the smoothly curved boundaries have B2 type (a/2)<111> and D03 type (a/4)<111> type displacement vectors, so called B2-type 1/2<111> anti-phase boundaries (APBs) and D03-type 1/4<111> APBs. 16, 17) The size changes of APDs are shown in Fig. 6 . The average size of the B2 type APDs was about 200 nm in the as-siliconized sample. With increasing the annealing temperature, the size increased to approximate 3.5 μm at 500°C, and drastically increased to several tens of μm at 600°C and 700°C, then steeply decreased to about 30 nm at 800°C, as shown in Fig. 6(a) . The D03 type APDs were observed in all the samples excepting the sample annealed at 800°C although the D03 phase was observed in the SAD pattern with weak intensity. As shown in Fig. 6(b) , the size changes showed a convex curve with increasing the annealing temperature; the size was about 15 nm in the as-siliconized sample, and drastically increased to 80 nm in the sample annealed at 600°C, and begun to become smaller over 700°C. These results clearly show that the size changes of the APDs are intimately related with previously mentioned intensity ratio changes.
The changes of DC hysteresis losses that were measured at a maximum induction of 1.0 T with silicon contents are shown in Fig. 7 . The loss of the as-siliconized 6.5 wt% silicon steel was 2.45 mJ/kg. With increasing the annealing temperature, the loss steeply decreased, reached a minimum value in a sample annealed at 600°C (2.12 mJ/kg), and then slightly increased again. The hysteresis loss is caused by the movement of the magnetic domain wall, which is strongly related with the microstructures, such as APBs, stress, grain boundary, and impurities. 18) In particular, the presence of APBs should affect the magnetic domain wall movement in this material. Figure 8 shows the Lorentz TEM image of 500°C annealed sample. This Lorentz micrograph reveals that the sizes of the magnetic domains were much greater than the sizes of the APDs, and magnetic domain walls (white lines in the figure) cut across the B2-and D03-type APBs. As shown in Fig. 6 , increasing the size of the APDs should result in decreasing the intersection sites between the magnetic domains and the APBs. In general, the APBs act as two-dimensional defects which should be opposed to the displacement of the magnetic domain walls. Thus the intersection sites are expected to act as the pinning sites which deteriorate the soft magnetic properties of the silicon steels by decreasing permeability and increasing coercive force. 19) Therefore, the hysteresis losses of the silicon steel should be related with the number of the pinning sites of the magnetic domains by the APBs. Figure 9 shows the iron losses measured at 60 Hz and 1.0 T as a function of annealing temperature in 6.5 wt% silicon steels. The iron loss behavior showed the same tendency of the DC hysteresis losses. The minimum iron loss (0.33 W/Kg) was obtained in a sample annealed at 600°C. In order to clarify the effect of the low temperature annealing on the loss mechanism, the iron loss was separated into three different losses. As expected, the eddy current loss did not depend on the annealing conditions due to the same thickness and resistivity of the samples. The anomalous losses also showed almost the same value despite the different annealing temperature. These results indicate that the hysteresis loss is the most important factor in the iron loss of high silicon steels.
In this study, we reduced the iron loss by 10 percent compared with 6.5 wt% grain oriented silicon steel by introducing an additional low temperature annealing procedure. This reduction of the iron loss was caused mainly by controlling the size of B2 and D03 APDs size that acted as the pinning sites of magnetic domains.
Conclusion
The loss behaviors of 6.5 wt% grain oriented silicon steels post-annealed in the temperature range of 500 to 800°C were investigated. TEM SAD patterns and two-beam dark field micrographs showed that the formation of B2 and D03 phases were inevitable despite different cooling rate. In addition, Lorentz TEM micrograph showed that magnetic domains cut through these APBs. However, the amount and size of the ordered phases were shown to be varied by the post-annealing temperature. The hysteresis and iron loss sharply decreased in a sample annealed at 600°C, in which the maximum size of D03 APDs was obtained. These results strongly indicate that the size control of APDs plays an important role in decreasing the iron loss of 6.5 wt% grain oriented silicon steel.
